This paper provides an analysis of the relationships between dwelling, household and motivation, behaviour and perception characteristics and thermostatic radiator valve (TRV) settings in living rooms (n=187) and bedrooms (n=159) in UK social housing. The work capitalises on primary data from a sociotechnical household survey undertaken in Plymouth, UK during 2015, which was coupled with building audit data. The mean reported TRV setpoint temperatures in the living rooms and bedrooms were 23.4°C and 21.9°C, implying that occupants prefer cooler conditions in bedrooms. There were systematic variations according to dwelling, household, and motivation, behaviour and perception characteristics. In general, the setpoint temperatures in individual rooms were higher than the whole house thermostat setpoint temperature, implying that there may be a misunderstanding of the role of TRVs in the home heating system. The research could enable social housing providers, the government and commercial organisations to target energy efficiency measures (i.e. thermal upgrades) and social interventions (i.e. behaviour change) at those dwellings and households where their impact may be most beneficial. The results presented could also be used to improve the assumptions of zonal heating behaviour in energy models, which could result in more realistic predictions of the heating demands of social housing.
Introduction
In the UK, the domestic sector is responsible for about a quarter of the UK's greenhouse gas (GHG) emissions, with space heating alone resulting in 11% of the nation's emissions [1] . These figures make it clear that it will be impossible to meet the UK's legally binding carbon reduction target of 80% by 2050 compared to 1990 levels [2] without reducing emissions from homes, and in particular those associated with space heating.
Before 1970, the majority of UK homes were heated using solid fuels such as coal. By the 1980s, central heating was regarded as a basic requirement, and now, for over 90% of homes, a gas-fired central heating system [3] is the predominant type of space heating. Gas central heating systems are more efficient than fuels such as coal and have resulted in greater carbon efficiency for heating. In the 2005 amendment to the Building Regulations, it was mandated that the seasonal efficiency of boilers in the UK should be at least 86% [4] to further improve the energy and carbon efficiency of home heating systems.
The installation of central heating has resulted in homes now being heated at significantly higher temperatures (approximately 4°C warmer) during winter compared to 40 years before [5] . This has been coupled with changes in occupants' aspirations about how warm their homes should be, as well as expectations about how these increased temperatures should be achieved [6] . Furthermore, central heating systems have made it possible for households to heat all of the spaces within their homes 1 . This has resulted in an increase in the amount of energy used for space heating. A basic central heating system consists of a central boiler, a pump and individual radiators installed in multiple spaces throughout a dwelling. Water is heated by the boiler using natural gas and is pumped from the boiler to each radiator where the heat is emitted into the rooms. Most central heating systems will also have some level of controls. A full set of central heating controls consist of a central timer, a room thermostat and thermostatic radiator valves (TRVs). The TRVs enables zonal heating control.
In the UK, since 2010, two zone heating control has been mandatory for every new dwelling which is not open plan [7] , however this is not obligatory in existing dwellings. A central heating system which is in compliance with Building Regulation Part L1B will have the full set of controls. The room thermostat is used to set a heating demand temperature below which the boiler is activated to heat and pump water through the dwelling and above which the boiler is switched off. The timer is used to set the times at which the heating system will turn on and off, hence setting the heating duration. Even when a timer is used to control the duration of the heating period, the boiler will be turned off when the demand temperature is attained. The TRVs provide a degree of temperature control in individual rooms by adjusting the water flow through the radiators and controlling its heat output.
Even with the widespread ownership of central heating systems in UK homes, it is reported that about 70% of the housing stock do not have the full set of heating controls specified in the building regulations [8] . The report suggests that of all homes with a boiler (approx. 20.6 million homes), 38% do not have a whole house thermostat and 45% do not have TRVs. A dwelling with no thermostat will result in excessive room temperatures and no TRVs means that there is no zonal temperature control. Unnervingly, 4% of all homes with a boiler do not have any controls at all. Research has shown that in addition to external temperature and building fabric, the key factors that influence a dwelling's space heating energy demand are the heating system's thermostat and timer settings chosen by the occupants (where such controls are available) [9] - [12] .
Several studies have shown that dwelling characteristics (e.g. type, age, number of habitable rooms, etc.), household socio-demographics (e.g. size, composition, health status, etc.), and occupant's motivations, behaviours and perceptions (e.g. affordability of energy bills, perceived control over energy use, heating related behaviours, etc.) affect heating demand temperatures and heating durations and thus heating use in homes [12] - [23] . Wei et al. [24] provide a detailed review and discussion of the key factors that influence households' space heating behaviour.
In buildings, occupants interact with the available heating controls to maintain a level of comfort. It should be noted that simply providing central heating controls does not necessarily result in homes being heated in ways that reduce energy consumption and carbon emissions [9] . In fact, previous research has shown that some households do not realise they have heating controls and that there is limited understanding of the purpose of the different controls [25] .
As well as thermostats and timers/programmers, many households also have TRVs fitted to each individual radiator in their home. TRVs allow for temperatures in individual rooms to be controlled (i.e. zonal control). This implies that different, lower setpoint temperatures than the whole house thermostat can be set for different rooms within a dwelling. TRVs have the potential to reduce the energy used for space heating, as heating demand temperatures in less frequently occupied rooms or rooms requiring cooler temperatures can be reduced and heating in unoccupied rooms can be turned off completely. In order to support decisions to help reduce space heating energy demand in social housing, it is important to understand the role of TRVs and how social housing tenants currently use them.
Past literature on occupants' choice of space heating demand temperatures have primarily focussed on the whole house thermostat setting (e.g. [9] , [11] , [26] , [27] . Furthermore, Jones et al.'s [12] literature review on domestic energy modelling studies showed that most often, the same setpoint temperature (i.e. the whole house thermostat setting) was used for all building zones (e.g. living rooms, bedroom, kitchens, etc.), despite, studies measuring indoor temperatures in living rooms and bedrooms showing that bedrooms are often kept cooler. These studies highlight the role of TRV settings [9] , [11] , [26] in defining cooler zonal temperatures, but currently the factors influencing TRV settings have not been investigated.
This paper aims to address this gap in knowledge and provide an insight into the use of TRVs in living rooms and bedrooms in UK social housing and to understand the effects of dwelling, household and motivation, behaviour and perception characteristics on the choice of TRV setpoint temperatures. The study will also provide a comparison between TRV and whole house thermostat setpoint temperatures to understand how occupants are using the available heating controls to control their thermal comfort in UK social housing.
The work reported in this paper capitalises on primary data collected during a socio-technical household survey, undertaken in Plymouth, UK, during 2015, which was merged with building audit records held by the social housing association managing the dwellings. The results presented in this paper will provide a deeper understanding of social housing tenants heating preferences and the data presented could be used in energy models to provide more realistic predictions of the space heating energy demands of the social housing stock. In addition, the analysis could enable social housing providers, the government and technology designers and providers to target energy efficiency measures and social interventions at those dwellings and households where their impact may be most beneficial.
Literature review

Heating setpoint temperatures
The World Health Organisation (WHO) recommends a comfortable indoor temperature of 21°C to prevent potential health effects [28] . Previous studies have reported a range of thermostat setpoint temperatures used in homes using two methods: occupant reported [9] , [12] , [29] - [32] or estimated from indoor air temperature measurements [9] , [11] , [26] , [33] . A detailed assessment of the methods are provided by Kane et al. [34] . Earlier research has also stated that there is no relationship between the occupant reported and estimated thermostat setting [9, 30] . In reality, the estimated and actual thermostat setpoint temperature may be different for several reasons: an installed TRV may be set to a lower temperature setting than the thermostat, curtailing the maximum temperature reached; or the radiator in a room may be undersized compared to the room heat loss through gaps in the building fabric and window and/or door opening. Table 1 presents the thermostat setpoint temperatures for UK dwellings with gas central heating reported in previous studies. The standard deviations (SD) of the reported temperatures indicate the variation between homes. The results challenge the underpinning assumptions in building models, such as BREDEM (the Building Research Establishment's Domestic Energy Model). Most domestic building design models incorporate BREDEM's default values for heating setpoint temperatures (21°C in living rooms and 18°C for the rest of the dwelling) and heating durations (nine hours on weekdays and 16 hours on weekends) [35] . Previous studies have shown that such assumptions misrepresent the variability of heating setpoint temperatures and heating durations found in real homes [9] , [11] , [12] , [26] , [27] , [36] . The heating setpoint temperatures have been identified as the most significant input into building energy models [37] . Multiple factors influence occupants' choice of heating setpoint temperatures and result in significant variation across the housing stock. Despite the increasing amount of work being done in this subject area, there is still not much in the way of an alternative to these default values.
Furthermore, BREDEM-based models assume that dwellings are split into two zones: a living area and the rest of the dwelling. The use of TRVs in homes brings into question this assumption as there is an implication that there is a second level of setpoint temperatures being used in different rooms in an individual dwelling. This is an energy efficiency measure. Thermal upgrades and energy efficiency installations have resulted in lowered amount of energy demand for space heating. However, several studies have highlighted significant differences in energy use in similar buildings and have suggested that occupant behaviour is a strong influence on this [38] - [40] . There is suggestion that the inadequacies of the foundation of the heating values (both setpoint temperatures and heating durations) currently being used in domestic building energy modelling undermines the credibility of recommendations generated in predictive policy making and scenario-planning processes [41] . To ensure that future energy consumption predictions from the housing stock are accurate, a better understanding about occupant's heating preferences throughout their homes is needed. Heating metrics which better define the range and variation in how occupants heat their homes should be developed to increase the knowledge of thermal conditions in dwellings. This will provide a more accurate foundation for energy modelling which will in turn enable a more accurate prediction of energy use across the housing stock. * where the SD is not included, the SD was not reported by the authors of the original study ** Four clusters of typical household temperature profiles were assessed
The role of thermostatic radiator valves for energy demand reduction
TRVs offer a cheap and easy way of providing zoned temperature control within a building. They are designed with settings marked with numbers, often ranging from 0 to 5. Each position has a corresponding setpoint temperature (0 -28°C). A (*) setting can also be found on TRVs and sets a temperature for frost protection. TRVs sense the air temperature and regulate the flow of hot water through the radiator, allowing for zonal temperature control. TRVs will only allow the flow of hot water to the radiator if the central heating boiler is in operation. They do not control the boiler operation, only the zonal temperature. They consist of two parts: the valve head and the valve body. When the zone temperature changes, a capsule in the valve head contracts or expands causing the valve body to open or close and hence controlling the flow of hot water into the radiator. The capsule in the valve therefore responds to fluctuations in indoor temperature allowing the TRV to control the heating demand in the zone. Allowing rooms that are not often occupied to be heated to cooler temperatures (or not heated at all) reduces the internal and external temperature difference and reduces the rate of heat loss and thus heating energy demand.
A few studies have investigated the use of TRVs in homes, Andersen et al. [33] studied 13 dwellings and found differences in TRV setpoint temperatures between dwellings and also between living rooms and bedrooms in individual dwellings. Kane et al. [26] also reported an average difference of 1.1°C between mean winter temperatures in living rooms and bedrooms. The average temperature was 18.5°C (SD = 3.0) in living rooms and 17.4°C (SD = 2.9) in bedrooms. In their study, 68% of living rooms were warmer than bedrooms (n = 249). These findings suggest that occupants regulate the thermal conditions in different rooms within their home at least in part through the use of heating controls such as TRVs.
Beyond the simple TRVs described above, programmable TRVs have recently become available and can be used to set both zonal temperatures and timing schedules to provide heating when needed (e.g. when the zone is occupied). In a study by Beizaee et al. [42] , a pair of identical 1930s semi-detached houses were modelled to estimate the potential energy savings from zonal heating controls (simple compared to programmable TRVs) and to assess the mean indoor temperatures during occupied periods. Over the test period, the dwelling with programmable TRVs, where rooms were only heated when they were occupied, had shorter heating periods and used 11.8% less gas compared to the conventional heating control dwelling (i.e. thermostat, timer and simple TRVs). Furthermore, a 0.6°C reduction in mean indoor temperature was observed for the whole house; however, mean temperatures in the rooms during occupied hours were not reduced.
The energy saving potential of zonal heating control in dwellings has also been modelled by Cockroft et al. [43] . In their study, simulations for dwellings with only a whole house thermostat were compared with dwellings with programmable TRVs. Comparing results from the simulations for the non-zoned and zoned conditions, in the zoned conditions, the differences in temperatures between the heating and non-heating periods were larger but as a result energy savings of between 8% and 37% were achieved. The study demonstrated that significant energy savings can be achieved by adopting a multi-zonal control strategy where both time and temperature in individual rooms are controlled compared to having a single control strategy for the whole dwelling. In addition, the study showed that there are differences in the potential energy savings according to dwelling and household characteristics. The study was however limited to only two dwelling types (i.e. a semi-detached house and a detached bungalow) and four household types (i.e. young family with two children, four person family with teenagers, elderly couple and young couple) and therefore a deeper understanding of zonal heating control is still needed. The current study provides an assessment of the impact of a wider range of dwelling and household characteristics, including householder motivation, perceptions and behaviour on the use of TRVs to control heating in living rooms and bedrooms.
Current study
This paper aims to provide an understanding of the use of heating controls (i.e. thermostats and TRVs) in UK social housing according to dwelling (e.g. type, age, number of habitable rooms, etc.), household (e.g. size, composition, health status, etc.) and motivation, behaviour and perception characteristics (e.g. affordability of energy bills, perceived control over energy use, heating related behaviours, etc.). The study will investigate the choice of setpoint temperatures for the whole house (i.e. the thermostat setting), as well as for two zones, the living room and the bedroom (i.e. the TRV settings). The study uses data from a socio-technical household survey which includes self-reported thermostat setting and TRV settings in living rooms and bedrooms and assesses mean temperature values selected by the occupants. This paper responds to a number of gaps identified in the literature. Firstly, the lack of studies of the factors influencing the choice of TRV settings in homes, especially for UK social housing. Secondly, the absence of hard data on the setpoint temperatures that should be used in building energy models for zonal heating control. Thirdly, the lack of evidence as to how occupants are using available heating controls.
This paper provides an insight into social housing tenants' use of heating controls and provides zonal setpoint temperature values which could be used to obtain more realistic predictions of the space heating energy demands of the social housing stock. Previous studies on occupant heating behaviour have focussed on owner-occupied and privately rented dwellings [9] , [11] , [16] , [26] , [27] , [36] . The study presented in this paper targets a better understanding of heating behaviour in social houses. Across the UK, social housing represents 17.4% of the housing stock and therefore is a significant target for energy efficiency measures. Social housing tenants are often likely to have low or fixed household incomes and as a result are keenly aware of the cost of energy [44] and are also at risk of experiencing fuel poverty [45] . The analysis could enable social housing providers, the government and technology designers and providers to target energy efficiency measures (i.e. thermal upgrades) and social interventions (i.e. behaviour change) at those dwellings and households where their impact may be most beneficial.
Methods
The data analysed in this paper are derived from a socio-technical household survey and dwelling audits undertaken as part of the European Horizon 2020 research project: Energy Game for Awareness of energy efficiency in social housing communities (EnerGAware) which was conducted in the city of Plymouth, UK [46] . The social housing investigated in this study are managed by the housing association DCH (formerly Devon and Cornwall Housing) who are also a partner of the project. Plymouth was the case study city chosen, as it has one of the largest social housing stocks in the UK, accounting for 20.1% of the city's housing [47] . In Plymouth, the allocation system for social housing is in accordance with the guidance specified in Part 6 of the Housing Act (Allocation of Housing Accommodation [48] ). Priority is always given to people considered as vulnerable (e.g. the homeless or threatened with homelessness, people living in unsanitary, overcrowded housing, having medical or welfare needs). The average gross weekly income of households living in social housing is £317, 42.8% less than private renters' weekly income. A quarter of households living in the social housing have done so for between 10 and 20 years [49] . A comparison of current study's social housing stock sample with the social housing stock at a national scale is presented in Table 3 (Section 4.2).
A detailed description of the socio-technical household survey and building audits are provided in Jones et al. [12] . In summary, the socio-technical survey was administered to 2,772 social houses (social rented and shared ownership) in Plymouth, which represents 12.6% of the city's social housing stock [47] . The households receiving the survey represented all of the social housing in Plymouth managed by housing association DCH. The survey was occupant self-reported through either a paper based postal questionnaire or an online questionnaire administered through the Internet survey software, SurveyMonkey and was conducted in May 2015. The survey contained 68 standardised closed questions. Within five weeks of the survey being sent out, 537 responses had been received (504 paperbased and 33 online), giving an overall response rate of 19.4%. The socio-technical household survey provided information for this paper about the household characteristics (e.g. household size and composition, highest qualification of HRP (HRP) 2 , health of HRP and disabled household members), motivation, behaviour and perception characteristics (e.g. affordability of energy bills, worry about energy bills, understanding, perceived control of energy use at home, perceived ability to save energy at home, heating related behaviours and dwelling occupancy pattern), as well as occupant reported winter living room and bedroom TRV settings and the whole house thermostat setpoint temperatures.
The building audit data were obtained from the social housing association's asset management and building stock condition database. The data are collected and managed by an in-house team of professional building surveyors. Building audits have been conducted between 2009 and 2017 and a continuous process of carrying out the audits is maintained to ensure that property data is correct and up to date (i.e. once a change to a dwelling's structure or services occurs, a new building audit is undertaken). The dataset provides a comprehensive overview of the key structural elements and services in each home and also contains the dataset for the RdSAP energy rating methodology which enables a Standard Assessment Procedure (SAP) rating to be calculated for each dwelling [50] . The social housing association's asset management and building stock condition database provided data for this paper about the dwelling characteristics (e.g. dwelling type and age, number of floors and habitable rooms, wall construction and insulation, roof construction and insulation thickness, heating system and SAP rating). This data represented the state of the dwellings at the time the socio-technical survey was conducted.
Data processing
Each setting on a TRV, often ranging from 0 to 5 has a corresponding setpoint temperature (0 -28°C), which represents the maximum temperature at which the radiator in an individual room is turned off. The occupant reported living room and bedroom TRV settings were converted to their corresponding setpoint temperatures by referring to the manufacturer's specifications. The setting temperatures varies depending on the manufacturer and also the product model. They typically range from 0°C to 28°C with variations in the temperatures for corresponding settings occurring due to some TRVs ranging from 0 to 5 and others 0 to 6. The frost protection setting (*) operates at a mean temperature typically below 6.9°C. Table 2 presents the TRV setting and the mean corresponding setpoint temperatures used in the current study based on the manufacturers' specifications. Where the TRVs had settings up to 6, the maximum temperature for each setting is lower compared to TRVs with settings up to 5 only.
From all the households that reported TRV settings, the TRVs were on in all the living rooms with a setting between 2 and 6. In the bedrooms, the TRVs were off (i.e. set to 0) in 29 dwellings and set to the frost protection setting (*) in one dwelling. Where TRVs were on in the bedrooms, the settings ranged from 1 to 6. In both rooms, the most commonly used TRV setting was 3 which corresponds to a setpoint temperature of 20°C. From the whole sample, 95 dwellings had the same TRV setting in the living room and bedroom. For the dwellings with different living room and bedroom TRV settings the average setting in the living room was 4 and 3 in the bedroom, indicating that in some households, there is a preference for cooler conditions in bedrooms. A comparison of households which reported a whole house thermostat setting, with households which reported TRV settings is presented in this paper. Out of the 187 households that provided living room TRV settings, 144 also provided a whole house thermostat setting and of the 189 households that provided bedroom TRV settings, 143 provided a thermostat setpoint temperature. 
Sample characteristics
This paper examines the TRV settings of a sub-sample of the 537 households, those which heated their homes with a gas-fired boiler and had TRVs for controlling the temperatures in individual rooms as well as a thermostat for defining the heating setpoint temperature for the whole house. The data regarding the presence of heating controls in the dwellings were obtained from the housing association's asset management and building stock condition database. Gas-fired central heating systems are the focus of the current paper because they are installed in 91% of the UK housing stock [3] .
A comparison of the social housing subsamples used in this paper with the composition of the social housing stock at the national scale as reported in the 2013-14 English Housing Survey [51] is provided in Table 3 . Of the 537 households responding to the survey, 187 provided a TRV setting for the radiator in the living room and 189 provided a TRV setting for the radiator in the bedroom. Of the 189 households that provided a bedroom TRV setting, 29 reported a setting of 0 implying that the radiator in the bedroom was turned off.
It can be seen that the study subsamples under-represented semi-detached dwellings but overrepresented terraced dwellings. There was also an over-representation of smaller household sizes (i.e. one and two occupants) and a subsequent under-representation of households with three or more occupants. The percentages of households with retired HRPs are higher in the study subsamples compared to that in the EHS. Households that were comprised of couples only were over-represented and households comprised of couples with dependent children and other multi-person households (e.g. students, three or more adults) were under-represented. 
Data analysis
This paper provides an analysis of the variations in mean winter TRV setpoint temperatures in living rooms and bedrooms used in UK social housing according to dwelling, household, and motivation, behaviour and perception characteristics. The analysis of TRV setpoint temperatures aims to highlight the role of TRVs in social housing tenants space heating behaviours: variations in zonal heating control behaviour and differences between the whole house thermostat setting and the TRV settings used in individual zones.
For the analysis, the frost protection setting was excluded as it was deemed to be an outlier. All '0' settings were also excluded from the analysis as they indicate that the radiators were not in use. These were only reported for bedroom TRVs. For the remainder of the dataset (187 for living rooms and 159 for bedrooms), statistical tests were used to assess the relationship between the dependent variable (the TRV setpoint temperature) and a set of independent variables (dwelling, household, motivation, behaviour and perception characteristics). The analysis was conducted using the IBM SPSS Statistics 24 package. When there are two groups, t-tests for independent samples are used and if there are three or more groups, analysis of variance is used. The difference between the mean temperatures in the groups are said to be statistically significant when the variance between the data points within each group is small compared to the difference in the means of the groups. As not all households answered all the questions in the survey, the sample sizes for the groups are not equal. Hence for the statistical tests, equal variances were not assumed. Results that were statistically significant at the 5% (p<0.05), 1% (p<0.01) and 0.1% (p<0.001) levels were identified. Table 4 shows the variations in mean reported TRV setpoint temperatures in relation to zone (living room and bedroom), dwelling, household and motivation, behaviour and perception characteristics.
Results
Mean TRV setpoint temperatures in living rooms and bedrooms
The mean reported TRV setpoint temperature was 23.4°C in the living room and 21.9°C in the bedroom and the difference in the mean temperatures was significant (p<0.001). This implies that there is a preference for cooler conditions in bedrooms than the living rooms and shows that social housing tenants use their TRVs to zonally control temperatures in different rooms.
Significant differences in the TRV settings selected by households were found between living rooms in end terrace and mid terrace dwellings (p<0.05). Respondents in end terrace dwellings reported using higher TRV settings (M = 24.5, SD = 3.7) than those in mid terrace dwellings (M = 22.3, SD = 3.2). No statistically significant differences in bedroom TRV settings were observed according to dwelling type. For both living rooms and bedrooms, the differences in TRV settings for all the other assessed dwelling characteristics were not significant.
Regarding number of floors in the dwellings, differences in TRV settings were found between dwellings with 3 floors and dwellings on only 1 floor. In the living rooms, the mean TRV setpoint temperature was 24.6°C (SD = 2.8) in dwellings with 3 floors and 23.6°C (SD = 3.4) in dwellings on 1 floor. In the bedrooms, the mean TRV setpoint temperature was 22.8°C (SD = 5.0) in dwellings with 3 floor and 21.9°C (SD = 4.0) in dwellings on 1 floor. These differences were also not statistically significant.
However, there were other interesting observations. In the living rooms, the least energy efficient dwellings according to the SAP rating (E-G) had higher TRV settings (M = 24.8, SD = 2.4) than the most efficient dwellings (B) (M = 22.5, SD = 4.0). Overall, living room TRV settings increased with decreasing dwelling efficiency. In the bedrooms, the analysis found that dwellings that have at least 250mm thickness of roof insulation had lower TRV settings (M = 19.9, SD = 4.4) than dwellings with up to 200mm. Furthermore, the lower 95% CI indicated that 5% of dwellings with 250mm of roof insulation used bedroom TRV settings of 18°C or cooler, whereas dwellings with up to 100mm had an upper 95% CI of 25°C.
In relation to household characteristics, social housing residents that had been living in their dwellings for at least 20 years reported lower mean living room and bedroom TRV settings than those residing for less than 20 years. In the living rooms, the difference was significant for those with a tenancy duration of at least 20 years (M = 21.8, SD = 2.9) compared to those with a 6 -10 year tenancy duration (M = 24.2, 3.4; p = 0.003) and less than 3 year tenancy duration (M = 23.6, 3.7; p = 0.019). Mean bedroom TRV settings in households with at least 20 years tenancy were also lower (M = 19.0, SD = 4.1), with the lower 95% CI indicating that 5% of these households used TRV settings of 17°C or cooler. This TRV setting was significantly different from households with an up to three year tenancy duration (M = 22.6, SD=4.2; p = 0.003).
In both living rooms and bedrooms, the analysis showed that TRV settings were highest in households with at least four members (living room household Households in receipt of welfare benefits reported higher TRV settings in both living rooms (M = 24.1, SD = 3.2) and bedrooms (M = 22.7, SD = 3.9) compared to those not in receipt of benefits. In the living room, the difference in means between the two groups was 1.1°C and this was statistically significant (p = 0.049).
There were no statistical differences in the mean TRV settings in dwellings where the HRP considered their general health as very good, good, fair, bad or very bad. The main concern is that for households where the HRP reported being in bad general health, the coldest 5% of households reported using TRV setpoint temperatures up to 18.8°C.
Regarding overall satisfaction with life, bedroom TRV settings in households where the HRP reported dissatisfaction were higher (M = 24.3, SD = 4.5) than those who reported being neither dissatisfied nor satisfied or satisfied. The difference in the mean bedroom TRV settings was statistically significant between the dissatisfied group and the satisfied group (p = 0.03).
Regarding occupancy patterns, households that are always occupied reported slightly higher TRV settings. The mean difference was 0.5°C in living rooms and 0.3°C in bedrooms. These differences were also reported in the living rooms during weekday and weekend daytimes and evenings. For bedrooms, the TRV settings were warmer in households that were not occupied during weekday evenings and weekend daytimes and evenings.
Regarding motivation and perception characteristics, households which strongly agreed that they worry about their energy bills were also found to select the highest TRV settings in the living room (M = 24.1, SD = 3.5) and those who strongly disagreed had the lowest settings (M = 22.7, SD = 3.8).
Households who strongly agreed that they did not understand how their home used energy had higher living room TRV settings (M = 24.6, SD = 3.6) than those who strongly disagreed (M = 22.4, SD = 3.7).
Households that again strongly agreed that they have control over how much energy is used in their Households that strongly agreed that they are not able to save any more energy selected higher mean TRV settings (living rooms: M = 23.7, SD = 3.1; bedrooms: M = 22.4, SD = 3.8) than those who strongly disagreed (living rooms: M = 22.0, SD = 3.6; bedrooms: 21.4, SD = 3.1).
Regarding heating behaviour characteristics, the analysis showed that households that said that they adjusted the setting on their radiators also in general reported selecting lower TRV settings. This was observed in the living rooms and the bedrooms. In the living rooms, the difference between households that never adjusted their TRV setting (M = 25. There was no clear relationship between whether occupants changed the temperature on their whole house thermostat, and the living room TRV setting, but in the bedrooms, households that reported never changing the temperature on their whole house thermostat also reported higher TRV settings (M = 24.6, SD = 3.4) compared to those who said they always change the temperature on their thermostat (M = 21.9, SD = 4.0). 
Comparison between whole house thermostat setting and TRV setpoint temperatures
An analysis was conducted to compare the TRV setpoint temperatures used in living rooms and bedrooms with the whole house thermostat setpoint temperatures used by social housing residents. Table 5 shows the overall mean thermostat setpoint temperatures and TRV settings in the living room and bedroom. Out of the 187 households that reported a living room TRV setting, 144 reported thermostat settings. Across the whole sample, the mean whole house thermostat setpoint temperature was 20.7°C (SD = 2.8) but the living room TRV setpoint temperature was set much higher at 23.4°C (SD = 3.6). From the 144 households, 34 households had set their living room TRV to a setpoint which was lower than their thermostat, 94 households had a higher TRV setting, and 16 had the same setting for the TRV and thermostat. In the households where the TRV setpoint was the same as the thermostat setpoint, the temperature was set to 20°C. In cases where the TRV setting was lower than the thermostat, the average difference was 3°C, the average TRV setpoint was 20°C and thermostat was 23°C. Where the TRV setpoint was higher than the thermostat, the TRVs were on average set to 5°C higher than the thermostat setting, with the average TRV set to 25°C and thermostat to 20.0°C.
From the 159 households that reported bedroom TRV settings, 120 provided thermostat settings. Across this sample, the mean whole house thermostat setpoint temperature was 20.9°C (SD = 2.7) and the bedroom TRV setpoint temperature was 22.1°C (SD = 4.4). Out of the 120 households, 48 had their bedroom TRVs set to a lower setpoint temperature than the whole house thermostat, 56 had higher TRV setpoint temperatures and 16 had the same settings on both TRV and thermostat. In households with lower bedroom TRV settings, there was an average 4°C difference, with the average thermostat setpoint temperature set to 22°C and the bedroom TRV set to 18°C. Where the thermostat setting was lower than the TRV setting, the average setpoint temperatures were 20°C and 26°C respectively. In households where both settings were identical, the setpoint temperatures were 21°C.
Discussion
Living room and bedroom TRV settings in UK social housing
The findings reported in this paper suggest that there are variations in social housing tenants' use of TRVs and thus space heating behaviour depending on the room within a dwelling. This finding is consistent with the assumption used in BREDEM-based models where the living room temperature is set at 21°C and the bedroom temperature is set at 18°C [35] as well as with the work carried out by Kane et al. [26] which found lower temperatures in the bedroom (M = 17.4°C, SD = 2.9) than the living room (M = 18.5°C, SD = 3.0). Some statistically significant relationships between the TRV setpoint temperatures used in living rooms and bedrooms and dwelling, household, and motivation, behaviour and perception characteristics were found and some observations and discussions stemming from the analysis are presented below.
Overall, the mean TRV settings of the sample were 23.4°C and 21.9°C in the living room and the bedroom respectively. Although these values are higher than those used in the BREDEM-based models and those reported by [34] Kane et al., [26] they indicate that bedrooms are generally cooler than living rooms. The data collected in the study presented in this paper showed that not all bedrooms were heated, 15% of respondents reported a '0' TRV setting and one reported using the frost protection setting, indicating that the radiator only comes on when the internal temperature falls below 6.9°C. All
TRVs in the living rooms were reported to be in use with settings ranging from 1 to 6, implying that during the heating season, all living rooms were potentially heated depending on the internal temperature. The difference in TRV settings in the living rooms and the bedrooms is consistent with the findings from the study of occupant heating setpoint preferences in Danish dwellings where some residents in their case study dwellings reported that they never turned on the heating in the bedroom [33] . Regarding the thermostat setpoint temperature, the result obtained in the current study confirms that on average thermostat setpoint temperatures in social housing are similar to those used in the wider housing stock. The mean setpoint value obtained is also similar to the 21.0°C recommended by the World Health Organisation (WHO) as a comfortable indoor temperature and to prevent potential negative health effects [28] .
TRVs control heating demand temperatures in individual rooms within a dwelling. It is the whole house thermostat that controls the heating system overall. Using TRVs to set cooler thermal conditions in different spaces than the whole house thermostat setting has the potential to reduce space heating energy demand, as the length of heating periods will be reduced. Note that in zones where the TRV setpoint temperature is higher than the whole house thermostat, the TRV setpoint temperature becomes redundant as it will not be reached before the heating is turned off by the whole house thermostat setpoint. If the TRVs are being used in this manner, which was evident in 65% of the households (of households that reported living room TRV settings and thermostat settings) in the current study, it implies that social housing residents may not understand the role of TRVs in the home heating system and thus their energy saving potential. This finding may also suggest that perhaps social housing tenants would prefer warmer conditions in their homes than what their overriding thermostat permits. The TRV setting might be a true reflection of the thermal conditions residents' desire.
The results obtained from the comparison of the whole house thermostat setpoint temperatures and the TRV setpoint temperatures presented in this paper showed that more often than not, the TRVs were set higher than the thermostat. This was more prevalent in living rooms than bedrooms. In the bedrooms, including the radiators that were turned off, half of the TRVs (71 out of 143) were set to a lower temperature than the thermostat; on average maintaining temperatures of about 4°C lower than the whole house setpoint temperature.
Setpoint temperatures in relation to dwelling characteristics
The results obtained for the dwelling characteristics provide evidence of the impact of factors such as dwelling type and size and insulation levels on space heating behaviours. On average, living room TRV settings were lower in mid terraced dwellings. This could be because mid terraced houses only have two exposed walls, hence reducing heat loss through infiltration compared to end terraced and semidetached dwellings. As mid terraces are able to retain more heat, the living room TRV can be set to a lower setpoint temperature to maintain comfortable thermal conditions.
Respondents in dwellings with three floors reported using higher TRV settings in living rooms and bedrooms compared to those with one or two floors. Air when heated becomes less dense and rises, hence in dwellings with uninsulated floors, heated air will escape into the floors above. To maintain comfortable thermal conditions, occupants may need to set the TRVs on ground and first floors to higher settings in an attempt to achieve higher temperatures. In most dwellings, the living rooms are on the ground floor hence this could be a possible reason for the higher TRV settings.
In bedrooms, TRV settings were generally cooler in dwellings with at least 250mm thickness of roof insulation. The possible explanation for this could be that having roof insulation minimises heat loss through the roof and retains the heat in the dwelling. Furthermore, this result is consistent with the fact that dwellings with the lowest SAP ratings (i.e. the least thermally efficient homes) also had the highest living room TRV setpoint temperatures. There was very little difference in TRV setpoint temperatures in dwellings with thermal upgrades (retrofitted cavity or solid wall insulation) and those without (as-built). These findings regarding presence of thermal upgrades and SAP rating are in contrast to findings from previous work which assessed their effects on the whole house thermostat setpoint temperatures [12] , and suggested that occupants may have higher thermostat settings in more thermally efficient homes (i.e. the rebound or take-back effect).
TRV settings varied according to the type of heating system installed. Dwellings with condensing combi boilers reported lower TRV setpoint temperatures in both the living rooms and bedrooms compared to dwellings with standard combi boilers. Condensing boilers are more efficient as they capture and reuse some of the waste heat, hence providing more heat from the same amount of fuel. Householders may therefore turn down the TRV setting to prevent excessive heat during the heating period.
Setpoint temperatures in relation to household and occupancy characteristics
The results obtained for the effects of household characteristics showed that households with five or more occupants had the highest living room TRV settings. This finding was mirrored in the result that households with couples with dependent children have the highest TRV settings.
Lone parent families were found to have cooler TRV settings than all other household compositions. In the living room, the mean TRV setpoint temperatures (22.2°C) were higher than the 21°C recommended by the WHO and in the bedroom (20.7°C) which is consistent with the WHO recommendation. However, in the coldest 5% of dwellings occupied by lone parent families, the TRV setpoint temperatures were 19.4°C and 15.4°C in the living rooms and bedrooms respectively. This finding is consistent with the study of thermostat settings [12] which found that lone parent families had cooler thermostat settings than other household compositions. The result may reflect the lower average household incomes of lone parent families. The heating behaviour of lone parent families living in social housing and the consequent health impacts could be an area for further investigation and should potentially be of concern for government policy makers as well as local authority and social housing associations.
Regarding employment structure, TRV settings were lowest in households with unemployed members, indicating a possible impact of household income on space heating behaviours. Also, the TRV settings in both rooms were lower than the thermostat setting. This indicates that households with unemployed members may be trying to save money by adjusting their TRVs.
Lower bedroom setpoint temperatures were also reported in the homes of HRPs who considered their general health in the last 12 months as bad and those who reported visiting the GP 7 to 12 times in the past year. Bad health may limit the HRP's potential to work, hence reducing the household income so having lower bedroom setpoint temperatures may be their attempt to reduce their heating bill. Alternatively, lower bedroom temperatures may contribute to the bad health of the HRP and the increased number of GP visits (the lower 95% CI indicated that 5% of the respondents who visited the GP 7-12 times a year reported a TRV setting of 16.7°C or below). Although the effect of household income on TRV setpoint temperatures was not directly investigated, as the household survey did not ask respondents to report their annual household income. Previous studies have identified significant effects of income on space heating behaviour [52] - [55] . The question of household income was considered too sensitive as the study focussed on social housing residents who typically are a lowincome group.
Living room and bedroom TRV setpoint temperatures were higher in households that received welfare benefits. There was no evident difference between the setpoint temperatures in households with or without disabled members. These findings are in contrast to the findings from the work on thermostat settings [12] , [53] which showed that households with vulnerable members had lower setpoint temperatures.
There were no evident relationships between TRV setpoint temperatures and households that were either occupied or unoccupied during weekdays or weekend daytimes or evenings. Ideally, during periods when homes are not occupied, households would reduce their TRV setpoint temperatures or turn off the heating in order to reduce their heating energy use. A possible reason could be that occupants may find it inconvenient to go round the house turning off the TRVs each time they leave the house. From a survey of 273 participants, Huebner et al. [56] reported that householders did not make use of the control opportunities provided by TRVs and some of the reasons could be the perceived effort of using TRVs, the demand for similar temperatures in all rooms or a lack of knowledge about the importance of using TRVs. The usability of heating controls has also been reported as having an influence on heating behaviours [57] . TRV settings are displayed in numbers ranging from 0-5/6 and not temperatures like on a thermostat. Householders may therefore not be aware of the corresponding setpoint temperatures for the levels on the TRV. If this is the case then householders may not know that the TRV setting is redundant if it is higher than thermostat setting. The findings of the current study suggest that households living in social housing may not be aware of the energy saving potential of TRVs and are currently missing out on reducing their heating energy demand and consequently their heating bills.
Setpoint temperatures in relation to motivation, behaviour and perception characteristics
In relation to how difficult it was for the social housing residents to afford their energy bills, there were small differences in TRV settings observed with those who reported finding it neither easy nor difficult having the highest TRV settings. In the living room, their average setpoint temperature was 0.7°C higher than the lowest setpoint temperature in the category (fairly easy) and in the bedroom, their average setpoint temperature was 1.4°C higher. Households that strongly agreed that they were worried about their energy bills had the highest average TRV setting in living rooms (24.1°C) and the second highest in bedrooms (22.4°C). In addition, in households where members strongly agreed that they did not understand how their homes used energy had warmer living rooms (24.6°C) and bedrooms (24.1°C) and households that strongly agreed to not being able to save any more energy also had higher living room and bedroom TRV settings (23.7°C and 22.4°C). Householders who strongly agreed to having control over how much energy they used at home had the coolest living rooms (22.1°C) and bedrooms (20.7°C). These findings suggest that by improving understanding and engagement in energy efficiency at home, households may respond by lowering their heating setpoint temperatures, resulting in reductions in heating energy use. However, the results currently suggest that in spite of some social housing tenants appearing to be conscious of their potential to reduce their energy use, this does not translate into energy saving actions related to heating behaviour. It has been reported that occupants' use of heating controls is often driven by a desire to achieve thermal comfort rather than a wish to save energy [58] .
Interestingly, where the social housing residents said they never adjusted the temperature on their radiators, the setpoint temperatures were higher in both living rooms (25.3°C) and bedrooms (25.1°C).
Where householders said they never turn off the heating in rooms that are not normally used, the average setpoint temperatures in the living rooms and bedrooms were both 1°C higher than those who said they always turned the heating off. These findings suggest that there is scope for households living in social housing to reduce their heating energy use by adjusting their habits. Actively using the TRVs to adjust room temperature and control heating will result in savings on heating energy demand.
Householders who said they very occasionally turn the heating off when no one is at home had the lowest setpoint temperatures in the living rooms, which were also lower than the thermostat setpoint temperatures. Those who said they always/often turned the heating off had the highest TRV setpoint temperatures. One possible reason for these results could be the general misunderstanding that it is better to leave the heating on continuously at low temperatures rather than to turn it off/on as the boiler has to work harder to heat the dwelling from cold. Although, it has been shown that the use of a programmable thermostat and TRVs can decrease heating energy demand [42] , [43] , [59] - [62] , it is also noted that the savings are not necessarily achieved unless the user has knowledge about the operation of the control mechanisms [9] , [56] , [57] , [63] . Furthermore, social housing tenants may simply not be aware of the additional behaviours that can help to reduce their heating energy demand and heating bills.
Applications for the research
The research reported in this study should be of interest to a number of key groups, including, government policy makers, local authorities managing social housing, social housing associations, energy supply companies, designers of heating controls, as well as energy modellers.
A key finding from the research is that a significant percentage of the households living in social housing in this study set higher TRV settings in their living rooms and bedrooms than their whole house thermostat setting, indicating that perhaps they do not fully understand the role of TRVs, i.e. the TRV setting has to be lower than the thermostat setting to be useful and reduce space heating energy demands. This is important for the future design of heating controls. There is an inference here for the design and usability of TRV devices and this study can inform technology developers in their design of energy efficiency devices which are installed as part of interventions for reducing energy use in homes.
Local authorities and housing associations, as well as local and national government could use these findings to target energy campaigns aimed at improving the understanding of heating behaviour at home. This may help householders to better use devices such as TRVs and thermostats, resulting in reductions in heating energy use.
Furthermore, more thermally efficient dwellings, either new-build or which had undergone thermal upgrades such as increasing wall and roof insulation, were observed to have positive influences on space heating behaviours (i.e. lower TRV settings used by occupants). The installation of thermal upgrades through retrofit could be used by local authorities and social housing associations as a possible route to not only improving the thermal efficiency of the fabric of their social housing stock but also as a method for encouraging behaviour change amongst their tenants.
The results provided by this paper highlight the dwelling, household, and motivation, behaviour and perception characteristics affecting TRV use in living rooms and bedrooms. Further research into how TRVs are being used (in other dwelling zones, frequency of adjustment and factors influencing their use), will be required to further enhance our understanding of occupant zonal heating control behaviours. The current findings can be used to provide an initial picture of the variation in space heating behaviours within social housing and could be extrapolated to the wider social housing stock to provide indications of how space heating demands might change as the building stock and the socio-economic profile of the householders evolves in future. The characteristics associated with higher TRV settings could be mapped on to other UK national datasets to identify hot-spots of where high heat demand may exist, this may be useful to energy supply companies and energy distribution network operators for the future planning of heat networks and defining their necessary capacity.
The findings obtained in this work also have implications for the energy modelling of UK social housing. The data presented in this paper could be used to assist the energy modelling community for predicting the space heating demands of social housing and the potential energy savings from refurbishment measures. Recent studies [24] have stated that there is little guidance regarding the values that should be assigned for energy modelling of domestic buildings and that standardised heating patterns in Simplified Building Energy Models (SBEM) misrepresent the variability of heating preferences in real homes [9] , [24] , [26] , [27] , [36] . In addition to variations between homes, studies have also shown that there is variation in heating setpoints from room to room within a dwelling [26] , [33] . The current work further corroborates these sentiments. Whilst the average whole house thermostat setpoint temperature matched well with values recommended in a number of previous household heating studies [9] , [11] , [12] , [26] , [34] , the assessment of living room and bedroom TRV settings show that in some cases, householders specify lower setpoint temperatures in individual rooms and these are not reflected by the whole house thermostat setting often used in building models.
Limitations and future research
The results obtained in this study are based on relatively small sample sizes (TRV setpoint temperatures for 187 living rooms and 159 bedrooms) from a single UK city and therefore extrapolating the results to the wider population of UK social housing or owner-occupied or privately rented homes is not appropriate. A larger national-scale study of heating setpoint temperatures in individual rooms in UK social housing would therefore be a valuable extension to the current work and could also be used to validate the findings of the current study. Previous UK studies at the national [64] and city-scales [65] have primarily excluded the social housing stock in their analyses and have excluded a detailed assessment of the factors influencing TRVs settings. Therefore these data offer a valuable contribution to the field.
The reliability of the self-report data provided by the survey participants is an overarching concern for all energy use surveys. Previous studies have found inconsistencies between self-reported and actual thermostat settings used in homes [9] . The accuracy of the data may be affected by the respondents' inability to remember their TRV setpoint temperatures as well as their intentional under-reporting to appear more energy efficient, in order to please the researchers or to conform with others (social desirability bias). In addition, heating setpoint temperatures, both thermostat and TRV, can change over time. A number of recent studies are developing techniques to overcome this issue, such as using high resolution indoor air temperature measurements to infer heating setpoints in homes [9, 24, 26, 27, 36] and requesting households to upload photographs of their thermostats using crowdsourcing services [30] . As noted in the BS EN ISO 13790 standard [66] , using indoor temperature data however to infer heating setpoints, should be done with caution as "internal temperature is not the same as the setpoint due to effects such as overheating, intermittency, inertia, imperfect control".
To date, research undertaking direct measurements of thermostat and TRV settings in homes has been limited by the availability of commercial/off-the-shelf monitoring equipment. To the authors' knowledge, Andersen et al.'s [33] study in Denmark which developed a custom monitoring device, is the only study to provide direct measurement of TRV setpoints in homes. However, with the rapid development of 'smart' Internet-connected thermostats and TRVs, which allow users to control their heating via a website or on their smart phone, data about space heating behaviours will become increasing available for further research in this field.
Following on from this study and previous studies on occupant heating behaviour, a recommendation for future work would be to implement the setpoint temperatures for the whole house and for individual zones into building performance simulation tools. These temperature values may result in more realistic predictions of the space heating energy demand of social housing, as they specifically relate to dwelling characteristics (e.g. type, age, level of insulation), household demographics (e.g. size, composition, occupancy patterns) and household motivation, behaviour and perception characteristics (e.g. affordability of energy bill, energy understanding, ventilation behaviour, etc.). This can then lead to the design and implementation of the most effective energy efficient interventions based on the assessed characteristics.
Conclusions
This paper provides an analysis of the relationships between dwelling, household, and motivation, behaviour and perception characteristics and living room and bedroom TRV setpoint temperatures. The paper also provides a comparison of the TRV settings used in these individual rooms with the whole house thermostat setpoint temperature. The data analysed in this study were derived from a sociotechnical household survey undertaken in Plymouth, UK, during 2015, as part of the EnerGAware project. The data collected from the survey were merged with building audit records held by the households' social housing association, which contained a comprehensive overview of the key structural elements and services in each home, as well as the dataset for the RdSAP energy rating methodology.
Overall, the mean winter TRV setting in the living room was 23.4°C and 21.9°C in the bedroom. The results of this study suggest that there is variation in how social housing tenants control their heating within their homes and that there is great variation among dwellings. Not all the relationships were clear and/or strong; however, there were some systematic variations according to dwelling, household, and motivation, behaviour and perception characteristics. In living rooms in end terrace dwellings, the mean TRV setting was 24.5°C and in mid terrace dwellings, it was 22.3°C. Also in living rooms in inefficient dwellings (SAP rating E-G), the mean TRV setting was 24.8°C and in dwellings with higher energy efficiency ratings (SAP rating B), it was 22.5°C. Households where couples lived with dependent children had the highest mean TRV settings in the bedrooms (25.4°C) whereas lone parent households had the lowest (20.7°C). Households who strongly agreed that they did not understand how their home used energy had higher mean living room TRV settings (24.6°C) than those who strongly disagreed (22.7°C).
The results confirmed that householders prefer cooler thermal conditions in bedrooms (21.9°C) than living rooms (23.4°C). However, in general, the TRV setpoint temperatures in individual rooms were often higher than the setpoint temperature of the whole house thermostat. From the dwellings that reported both thermostat and living room TRV settings, the thermostat was set at a mean temperature of 20.7°C and the TRV was set at 23.4°C. Similarly, from the dwellings that reported both thermostat and bedroom TRV settings, the mean temperature settings were 20.9°C and 22.1°C respectively. This may suggest a misunderstanding of the role of TRVs in the home heating system and as a result households living in social housing are missing the opportunity to reduce their space heating energy demands and associated energy bills.
Furthermore, the study identified that households do not prioritise reductions in their TRV settings as an energy efficiency action, even when they find it difficult to afford their energy bills or believe that they could save more energy or were worried about their bills. Those who reported finding it fairly difficult to afford their energy bills on average set their living room TRV at 23.7°C whereas those who found it fairly easy to afford their energy bills had a lower setting of 23.0°C. Those who strongly agreed to being worried about their energy bills also on average reported higher living room and bedroom TRV settings (24.1°C and 22.4°C) compared to those who strongly disagreed (22.7°C and 20.9°C).
In light of these results, it is evident that additional research about households' understanding of heating controls is required, as well as the potential barriers to reducing heating setpoint temperatures at home. This would allow effective behaviour change interventions and energy efficiency campaigns to be designed.
The research reported in this study could enable social housing providers, the government and other commercial organisations to target energy efficiency measures (i.e. thermal upgrades) and social interventions (i.e. behaviour change) at those dwellings and households where their impact may be most beneficial.
Finally, the TRV setpoint data presented in this paper could be used to better inform the assumptions of occupant heating behaviours used in energy models (building performance simulation tools), which could result in more realistic predictions of the space heating demands of social housing and the potential energy savings from refurbishment measures.
